CLIC-1 is a member of a family of proteins related to the bovine intracellular chloride channel p64 which has been proposed to function as a chloride channel. We expressed CLIC-1 as a glutathione S-transferase fusion protein in bacteria. The fusion protein was purified by glutathione affinity, and CLIC-1 was released from its fusion partner by digestion with thrombin. After further purification, CLIC-1 was reconstituted into phospholipid vesicles by detergent dialysis. Chloride permeability of reconstituted vesicles was assessed using a valinomycin dependent chloride efflux assay, demonstrating increased vesicular chloride permeability with CLIC-1 compared with control. CLIC-1-dependent chloride permeability was inhibited by indanyloxyacetic acid-94 with an apparent IC 50 of 8.6 M. The single channel properties of CLIC-1 were determined using the planar lipid bilayer technique. We found that CLIC-1 forms a voltage-dependent, Cl-selective channel with a rectifying current-voltage relationship and single channel conductances of 161 ؎ 7.9 and 67.5 ؎ 6.9 picosiemens in symmetric 300 and 150 mM KCl, respectively. The anion selectivity of this activity is Br Ϸ Cl > I. The open probability of CLIC-1 channels in planar bilayers was decreased by indanyloxyacetic acid-94 with an apparent IC 50 of 86 M at 50 mV. These data convincingly demonstrate that CLIC-1 is capable of forming a novel, chloride-selective channel in the absence of other subunits or proteins.
ClC family (5), the ligand-gated family (e.g. ␥-aminobutyric acid and glycine receptors) (6) , the CLIC family (7) , and the cystic fibrosis transmembrane conductance regulator (CFTR) 1 , a member of the ATP binding cassette family of proteins (8) .
The CLIC family is a closely related group of proteins homologous to the renal chloride channel p64 (7) . The role of a CLIC family member in chloride permeability is most firmly established for p64 itself. P64 co-purifies with channel activity solubilized from bovine kidney microsomes (9) . Immunodepletion of p64 from solubilized microsomes removes reconstitutable chloride channel activity (10) , and expression of exogenous p64 in HeLa cells results in the appearance of a novel, outwardly rectifying, dinitrostilbene disulfonic acid-inhibitable, anion-selective channel (11) .
CLIC-1, or NCC27, is another member of the CLIC family. This protein resides in an intracellular vesicular compartment in cultured epithelial cells and in the apical domain of renal proximal tubule cells (12) . Expression of CLIC-1 in Chinese hamster ovary cells has been reported to lead to increased chloride permeability of plasma and nuclear membranes (13) . Expression of a third family member, CLIC-3, leads to increased whole-cell chloride conductance (14) .
Thus, expression of three CLIC family members in mammalian cells has been associated with the appearance of novel chloride channel activities. However, until now direct evidence for the formation of active channels by CLIC proteins alone has not been reported. Based on the current evidence, it is possible that CLIC proteins, rather than acting as ion channels themselves, may complex with or activate endogenous proteins to generate chloride channels.
In this paper, we present compelling evidence that CLIC-1 alone is capable of forming an active chloride channel. CLIC-1 was expressed as a GST fusion protein in bacteria, purified to homogeneity, and reconstituted into lipid vesicles. The chloride permeability of reconstituted vesicles was detected using a potential-driven chloride efflux assay, and the single channel properties of the CLIC-1 channel were determined using the planar lipid bilayer technique. We find that purified CLIC-1 functions as a rectifying, chloride-selective channel that it is inhibited by IAA-94.
EXPERIMENTAL PROCEDURES
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Cloning and Expression of GST-CLIC-1-cDNA clone PG11 (12) containing the entire coding region of CLIC-1 was subcloned into the multiple cloning site of the GST fusion protein vector pGEX-KG (17) , yielding a construct encoding a fusion protein consisting of GST and CLIC-1 separated by a thrombin cleavage site. Thrombin digestion of the GST-CLIC-1 fusion protein is predicted to yield the complete CLIC-1 protein with the sequence N terminus-GSACELGTPSNSARAT (encoded by linker sequences) appended to the initial methionine of the protein.
Escherichia coli XL1-blue (Stratagene, La Jolla, CA) harboring either pGEX-KG or pGEX-PG11 were grown to late log phase. Isopropylthiogalactoside was added to 1 mM, and growth was continued for 5 h. Cells were harvested by centrifugation and stored at Ϫ20 C until needed.
Purification of GST-CLIC-1-Unless otherwise stated, all procedures were performed at 4°C. Frozen cell pellets from 500-liter cultures were thawed on ice in 10 ml of 10 mM Tris (pH 8.0), 1 mM EDTA, 1 mM DTT, and 0.1 volume of Sigma bacterial protease inhibitor mixture. Lysozyme was added to 1 mg/ml, and cells were incubated on ice for 30 min. After the addition of MgCl 2 to 10 mM and DNase and RNase to 10 g/ml, the suspension was incubated with mixing for 1 h. Unbroken cells and debris were removed by centrifugation at 10,000 rpm in a Beckman JA-20 rotor, and the resulting supernatant was further clarified by centrifugation at 40,000 rpm for 1 h in a Beckman 70.1 Ti rotor.
Supernatants were applied directly to a 5-ml column of glutathioneagarose that had been pre-equilibrated in 10 mM Tris (pH 8.0), 150 mM NaCl, 1 mM DTT (equilibration buffer). Columns were washed with equilibration buffer followed by the same buffer containing 1 M NaCl and, finally, were equilibrated in thrombin cleavage buffer (20 mM Tris (pH 8.0), 150 mM NaCl, 1.4% N-octylglucopyranoside, 1 mM DTT, 2.5 mM CaCl 2 ). The resin was then suspended in an equal volume of cleavage buffer, recombinant human thrombin (Novagen, Madison, WI) was added to a final concentration of 2 units/ml of resin, and suspensions were incubated overnight at room temperature with gentle agitation.
Thrombin-treated glutathione-agarose suspensions were loaded into columns and washed with cleavage buffer. Fractions recovered from the pGEX-CLIC-1 column with significant A 280 were pooled. Equivalent fractions were pooled from thrombin-treated, GST-bound columns for use as control.
CLIC-1 and control fractions were diluted 3-fold with 1.4% N-octylglucopyranoside, 1 mM DTT and applied to 1-ml High-Q anion exchange cartridges (Bio-Rad) equilibrated in 10 mM Tris (pH 8.0), 1.4% Noctylglucopyranoside, 1 mM DTT. Columns were washed with equilibration buffer, then eluted with buffer containing 0.5 M NaCl. Peak fractions were pooled, as were corresponding control fractions, and 1 ml of each pool was applied independently to a 1.5 ϫ 50-cm column of Sephacryl S-100 equilibrated in 150 mM NaCl, 20 mM Tris (pH 8.0), 1.4% N-octylglucopyranoside, and 1 mM DTT. Fractions containing CLIC-1 were identified by SDS-PAGE analysis and pooled. Corresponding fractions from the identically handled control samples were also pooled.
Molecular Weight Determinations-Size exclusion chromatography and quasi-elastic light scattering were used to determine the apparent molecular weight (M r ) of CLIC-1. A 1.5 ϫ 50-cm Sephacryl S-100 column equilibrated as described previously was calibrated using M r standards (Sigma MW-GF-70 kit). The manufacturer's recommended protocol was then used to calculate the M r of CLIC-1.
Quasi-elastic light scattering measurements were made on CLIC-1 purified through High-Q anion exchange chromatography using a Dyna Pro-801TC Dynamic Light Scattering instrument (Protein Solutions, Inc., Charlottesville, VA). Measurements were made according to the manufacturer's protocol.
Reconstitution of CLIC-1 Chloride Channel Activity-Purified, recombinant CLIC-1 protein was reconstituted into phospholipid vesicles essentially as described previously (10, 11) . Briefly, 9 volumes of purified CLIC-1 or identically prepared control fractions were mixed with 1 volume of 100 mg/ml asolectin (Sigma P5638), 90 mg/ml N-octylglucopyranoside in water. Mixtures were dialyzed for 2 days at 4°C against 3 changes of 200 mM KCl, 10 mM HEPES (pH 7.0), 1 mM DTT. The resultant vesicles were used within 3 days in either chloride efflux assays or for fusion with planar lipid bilayers. The vesicle suspension was passed through a mini-extruder (Avanti Polar Lipids, Birmingham, AL) fitted with a 0.2-m pore filter to obtain a homogeneous, unilamellar vesicle population. For planar lipid bilayer experiments, vesicles were diluted 1:1 with a solution of 400 mM KCl, 600 mM glycerol, 10 mM HEPES (pH 7.0) before extrusion.
Chloride Efflux Assay-The chloride permeability of reconstituted vesicles was assayed essentially as described previously (11, 18) . The significance of differences in mean efflux rates was determined using analysis of variance (19) . Since the initial intravesicular [Cl Ϫ ] was 200 mM, the final [Cl Ϫ ] after addition of detergent could be used to determine the initial intravesicular volume. We found that the intravesicular volume composes 1 to 2% of the total volume of the undiluted reconstituted vesicles prepared by our methods.
The concentration dependence of IAA-94 inhibition was determined from efflux assays conducted over a range of inhibitor concentrations. IAA-94 was dissolved in 20 mM sodium bicarbonate, pH 9.5. The vesicle suspension was brought to the desired concentration of IAA-94 immediately before passage through the mini-extruder, ensuring equilibration between intra-and extravesicular solutions. The IC 50 for IAA-94 was determined using the formula r ϭ IC 50 ϫ R o /(IC 50 ϩ [I]), where R is the efflux rate, R o is the efflux rate in the absence of inhibitor, and [I] is the inhibitor concentration (20) .
Single Channel Characterization of CLIC-1 in Planar Lipid Bilayers-Delrin cuvettes with 250-m diameter apertures and bilayer chambers were obtained from Warner Instrument Co. (Hamden, CT). Bilayers were formed from 30 mg/ml asolectin in decane. Membranes were suspended between 50 mM KCl, 1 mM HEPES (pH 7.0) and allowed to thin. Cis and trans chambers were connected via 3 M KCl salt bridges to AgCl electrodes, which in turn were connected to a CV 201A-capacitance feedback headstage and an Axopatch 200A integrating voltage clamp amplifier (Axon Instruments, Inc.). Data were collected using Clampex 7 software (Axon Instruments, Inc.). The membrane capacitance subroutine in Clampex 7 was used to monitor thinning; all membranes used in this study thinned to at least 200-picofarad capacitances.
Analog data filtered at 1 KHz were collected and stored on videotape using a VHS videorecorder interfaced with a Neurodata Neurocorder. Data were digitized upon playback through the Neurocorder using Clampex 7 software and a Digidata 1200 A/D converter (Axon Instruments, Inc.) interfaced with a personal computer. Data were collected at 5000 Hz, filtered upon playback at 500 Hz, and analyzed using the pClamp 6 suite of programs (Axon Instruments, Inc). Current measurements were determined at each holding potential from amplitude histograms, which were generated from single channel traces. Reversal potentials were determined from current-voltage plots using a least squares-fitting protocol. To generate time constants from voltage-dependent channel closure, data from averaged, normalized, current traces were plotted versus time. Using Microcal Origin software, single exponential fits were generated from the equation y ϭ y o ϩ A1 ϫ e Ϫx/ by a 2 minimization protocol. Ion selectivity ratios were determined using the Goldman Hodgkin Katz equation (21). An IAA-94 dose-response curve was determined from 5-min records of single channel data obtained at ϩ50 mV. P o was determined from each data set according to the equation 
RESULTS
Expression and Purification of CLIC-1-High level expression of both GST and GST-CLIC-1 was readily obtained. Typical protein profiles of bacterial lysates prepared from cells expressing GST or GST-CLIC-1 are depicted in Fig. 1A , lanes a and b. Control and CLIC-1 samples were prepared by thrombin cleavage of GST and GST-CLIC-1, respectively, while each was bound to glutathione-agarose. Thrombin cleavage liberated intact CLIC-1 from GST, which eluted from glutathione-agarose in the wash fractions (Fig. 1B, lane e) . No bands of Ͼ14 kDa were detected in the wash fractions of thrombin treated GST (Fig. 1B, lane a) . GST and uncleaved GST-CLIC-1 were subsequently eluted from glutathione-agarose with 5 mM reduced glutathione (Fig. 1B , panels b and f). Cleavage efficiency was approximately 50%; a typical cleavage liberated 13 mg of CLIC-1/liter of culture.
CLIC-1 and control fractions were further purified using anion exchange and size exclusion chromatography. The final products are shown in Fig. 1B , lanes d and h. Anion exchange chromatography typically yielded between 1 and 5 mg of puri-
CLIC-1 Functions as a Cl
Ϫ Channelfied CLIC-1/liter of culture. 50% of the protein applied to Sephacryl S-100 was routinely recovered from this column. Molecular Weight Determinations for Purified CLIC-1-Both size exclusion chromatography and quasi-elastic light scattering analysis were utilized to determine the apparent M r of CLIC-1. The apparent M r determined from chromatography on Sephacryl S-100 is 34,400 Ϯ 5500 (n ϭ 4). Quasi-elastic lightscattering measurements were used to determine the solution molecular weight of CLIC as described previously (22) using CLIC-1 purified through High-Q anion exchange chromatography. The apparent molecular weight obtained by this technique was 3200 Ϯ 4000. This value is in excellent agreement both with the apparent molecular weight obtained from the sizing column and from SDS-PAGE. However, these values are somewhat higher than the molecular weight predicted from our CLIC-1 fusion protein, which is 28.4 (13) . The reason for the discrepancy in the predicted versus apparent M r values for CLIC-1 is unknown but appears to be a general characteristic of CLIC proteins, since other family members also migrate slower during SDS-PAGE than would be expected based on their predicted M r values (4, 7) . Nonetheless, these data clearly demonstrate that CLIC-1, when purified by these methods, exists in monomeric form.
Vesicular Chloride Efflux Mediated by CLIC-1-Purified CLIC-1 was reconstituted into phospholipid vesicles at concentrations between 25 and 200 g/ml and assayed alongside identically treated control samples for chloride channel activity using a potential-driven chloride efflux assay (11, 18) . Vesicles were prepared by dialysis to contain 200 mM KCl. Extravesicular KCl was removed from an aliquot of the preparation by passage through a desalting spin column that had been equilibrated in 400 mM sucrose. The effluent from the spin column was added to 400 mM sucrose, and extravesicular [Cl Ϫ ] was monitored with a chloride-selective electrode. After a steady state was reached, valinomycin (final concentration ϭ 1 M) was added to initiate potential-driven chloride efflux. This concentration of valinomycin was previously found to support maximum efflux from the vesicles (data not shown). At the end of the experiment, detergent was added to release any remaining intravesicular chloride. The potential dependence of chloride efflux excludes ion exchange or non-selective leak mechanisms as possible explanations for our data.
Data from typical efflux experiments are shown in Fig. 2A . We determined the fraction of intravesicular chloride released per second after the addition of valinomycin as described previously (11) . The valinomycin-dependent fractional chloride efflux rate was used as a measure of the chloride-selective permeability of the vesicles.
Twelve independent preparations of CLIC-1 and corresponding control fractions were reconstituted (protein concentration ϭ 200 g/ml reconstitution mixture) and analyzed for valinomycin-dependent chloride efflux. Data were averaged from at least three separate measurements to determine the chloride efflux rates of each preparation. Rates of chloride 
FIG. 2. Chloride efflux from reconstituted vesicles.
A, raw efflux data collected from control vesicles and from vesicles reconstituted with CLIC-1. A continuous recording of the electrode output is plotted against time. The arrows labeled val and TX mark the points of addition of valinomycin and Triton X-100, respectively. The upper trace is from control vesicles; the lower trace is from CLIC-1 vesicles. In this experiment, 0.68 and 5% of initial, intravesicular chloride had escaped from control and CLIC-1 vesicles, respectively, at the point of TX100 addition. B, protein dependence of CLIC-1-mediated Cl Ϫ efflux. Valinomycindependent Cl Ϫ efflux from a single reconstitution experiment comparing control vesicles and vesicles reconstituted with CLIC-1 at 25, 50, or 100 g/ml is shown. Average rates of efflux and S.E. are plotted. Control rate: 0.14 Ϯ 0.03%/s; CLIC-1 25 g/ml rate: 0.33 Ϯ 0.014%/s; CLIC-1 50 g/ml rate: 0.47 Ϯ 0.11%/s; CLIC-1 100 g/ml rate: 0.62 Ϯ 0.12%/s (n ϭ 3 for each group). C, inhibition of CLIC-1-mediated Cl Ϫ efflux by IAA-94. Efflux rates from vesicles from a single reconstitution were determined in the presence and absence of 50 M IAA94. Mean efflux rates and S.E. are shown. Control rate: 0.553 Ϯ 0.06%/s (n ϭ 4); CLIC-1 rate: 1.64 Ϯ 0.244%/s (n ϭ 4); CLIC-1 ϩ IAA rate: 0.67 Ϯ 0.093%/s (n ϭ 3). D, concentration Dependence of IAA inhibition. R/R o , the ratio of the p34-dependent efflux rate at each concentration of IAA to the efflux rate in the absence of IAA is plotted against the log of the IAA concentration. The average of three data points with S.E. is shown. A least squares fit predicts the K i to be 8.6 M.
to prep, ranging from a 1.6-to a 5.03-fold increase in CLIC-1-mediated, valinomycin-dependent chloride efflux compared with control vesicles. On average, a 2.59-fold increase in rate of valinomycin-dependent chloride release was observed for CLIC-1 vesicles compared with control (S.E. ϭ 0.299; 95% confidence interval 1.93-3.25-fold increase).
The dependence of chloride efflux upon CLIC-1 was determined using vesicles reconstituted at increasing CLIC-1:lipid ratios (Fig. 2B) . As expected, the rate of chloride release increased with increasing CLIC-1:lipid ratios. Thus, CLIC-1 confers dose-dependent, chloride-selective permeability to reconstituted vesicles.
IAA-94 is a chloride channel inhibitor that was used as an affinity ligand for the purification of p64 (9, 23) . To determine whether the CLIC-1 channel is sensitive to IAA-94, reconstituted vesicles were mixed with the appropriate concentration of IAA-94 before passage through the mini-extruder, ensuring equilibration of inhibitor between intra-and extravesicular spaces. After passage through spin columns, vesicles were diluted into sucrose containing the same concentration of IAA-94. Initial rates of chloride efflux from vesicles in the presence or absence of IAA-94 are presented in Fig. 2C . We found that 50 M IAA-94 markedly inhibits CLIC-1-mediated chloride efflux. Vehicle alone (20 mM NaHCO 3 (pH 9.5)) had no effect on CLIC-1-mediated Cl Ϫ efflux (not shown). The relationship between IAA-94 concentration and inhibition of CLIC-1 activity is shown in Fig. 2D . The IC 50 derived from this data is 8.6 M.
Electrophysiological Characterization of CLIC-1-The current-voltage relationship, single channel conductance, and voltage dependence of CLIC-1 were characterized using the planar lipid bilayer technique. Five-microliter aliquots of vesicles reconstituted with CLIC-1 or control preparations were added to the cis chamber at 5-min intervals in the presence of either a 300 -50 or a 150 -50 mM KCl gradient (cis to trans). Membranes were monitored continuously for fusion events, and if no fusion occurred within 30 min, the experiment was terminated. Using vesicles reconstituted with CLIC-1, active channels typically appeared in bilayers after the first or second addition of vesicles. Under these conditions, the ion selectivity (K ϩ versus Cl Ϫ ) of these channels was readily apparent. Nine independent preparations of reconstituted, purified CLIC-1 were tested for chloride channel activity in the presence of 300 -50 mM KCl and four in 150 -50 mM KCl. In all preparations, a characteristic voltage-dependent, anion-selective channel was readily observed. Corresponding control vesicles were also tested and found to be silent, with the exception that K ϩ channels were observed in 3 of the preparations. These K ϩ currents were observed with the same frequency in CLIC-1 containing vesicles and, hence, appear to be unrelated to the presence of CLIC-1. The voltage-dependent chloride channels that were consistently observed following CLIC-1 vesicle fusions were never observed in control vesicles.
Fusion of CLIC-1-containing vesicles with planar membranes resulted in the appearance of a multichannel, steadystate current at Ϫ50-mV holding potentials. This large single current level resulted from all the channels in the membrane being in the open state, since total conductance did not increase above this level during the experiment, and all the channels could be closed at high membrane potentials (see below). Thus, it was possible to determine the number of channels fused into a membrane from the number of current levels observed as the channels sequentially closed. In a typical experiment, three active channels were observed in the bilayer following a single fusion event.
Single channel closures were occasionally observed at Ϫ50 mV but occurred more frequently as the membrane potential was gradually depolarized above ϩ50 mV or hyperpolarized below Ϫ50 mV. Exposure to strong depolarizing or hyperpolarizing voltages of Ϯ150 mV caused CLIC-1 to close with time (see Fig. 3A ). After closure, reducing the membrane potential to between Ϯ100 mV allowed CLIC-1 to re-open (see Fig. 3A ). In most cases, all of the channels that were initially observed in the bilayer rapidly returned to the open state. Once re-opened, channels could subsequently be induced to close when holding potentials were returned to Ϯ150 mV. Thus, CLIC-1 is a voltagedependent channel.
Conditioning pulses of Ϯ150 mV occasionally induced an intermediate state of channel activity where frequent transitions between open and closed states were observed when holding potentials were adjusted to between Ϯ100 mV. Examples of this behavior are depicted in Fig. 3 , B and C. We employed this maneuver to generate single channel data under various experimental conditions (see below).
To quantitate voltage-dependent channel closure, currents were recorded at several holding potentials in 10-mV increments between ϩ100 and ϩ150 mV. Between each voltage step, membranes were held at 0 mV until all the channels that had closed at the higher membrane potentials re-opened. Total current was normalized against the maximum current observed at each holding potential, and averaged data were plotted as a function of time. Time constants were determined from a single exponential fit of each plot as described under "Experimental Procedures." Data from representative voltages are shown in Fig. 4A . A plot of the time constants versus holding potential is shown in Fig. 4B . As is shown, the rate at which CLIC-1 closed increased with voltage. The same behavior was observed at potentials between Ϫ100 and Ϫ150 mV (not shown). Thus, CLIC-1 channels are very sensitive to strong hyperpolarizing (Ϫ100 to Ϫ150 mV) and depolarizing (ϩ100 to ϩ150 mV) voltages but relatively insensitive to voltages between Ϯ50 mV.
Single channel data were obtained at holding potentials between Ϯ100 mV following channel closure at Ϯ150 mV. As noted above, this maneuver produced records with clearly resolved single channel transitions that were then analyzed to determine the single channel properties of CLIC-1. Representative traces of single channel activities recorded from CLIC-1 in asymmetric (300 mM cis, 50 mM trans) and symmetric (300 mM cis and trans) KCl are depicted in Fig. 5, panels A and B , respectively. The current-voltage relationships derived from such data are shown in panel C. Several features are apparent from this plot. The channel has a rectifying current-voltage relationship in symmetric KCl, which in this example is inward. In asymmetric KCl, the reversal potential is positive, indicating significant selectivity for Cl Ϫ over K ϩ . This activity was observed following 12 separate fusion events derived from 9 independent reconstitutions. Although the data in Fig. 5 represent inwardly rectifying channel activity, both inwardly and outwardly rectifying channels were observed following fusion events, indicating that CLIC-1 inserts in both orientations during reconstitution.
The data obtained at negative holding potentials (i.e. the linear region of current-voltage plots) recorded in symmetric 300 mM KCl were fit by linear regression to determine CLIC-1 conductance, yielding an average single channel conductance of 161 Ϯ 7.9 pS (n ϭ 12). The E rev , obtained from recordings in 300 -50 mM KCl gradients, was 23.7 Ϯ 2.6 mV (n ϭ 10), which corresponds to a Cl Ϫ to K ϩ selectivity ratio of 4.2:1. The current-voltage relationship was also determined in physiologic buffer (i.e. symmetric 150 mM KCl) and found to be 67.5 Ϯ 6.9 pS (n ϭ 4; data not shown). In a 150 -50 mM KCl gradient, E rev was 19 mV, indicating a Cl Ϫ :K ϩ selectivity of 5.8:1 (n ϭ 3). An anion selectivity sequence was determined from the E rev of CLIC-1 channel activity recorded in 300 mM KBr or KI cis, 300 mM KCl trans. A plot of the current-voltage relationships obtained under these conditions and compared with the data obtained in symmetric 300 mM KCl is depicted in Fig. 6 . E rev for Br Ϫ and I Ϫ were found to be 0.27 and Ϫ20.1 mV, respectively (n ϭ 3). These values correspond to an anion selectivity series of Br Ϫ (1.011) Ϸ Cl Ϫ (1.000) Ͼ I Ϫ (0.451). The single channel activity of CLIC-1 was inhibited by IAA-94. Currents were recorded over 5-min intervals in the absence and presence of several IAA-94 concentrations in the trans chamber. Representative traces at 0 and 500 M IAA-94 are depicted in Fig. 7 , panels A and B, respectively. The P o was determined from 5-min traces recorded at each concentration of inhibitor, and the results are plotted in Fig. 7C . P o did not appear to vary significantly within each 5-min trace. In this experiment, the P o in the absence of inhibitor was 0.699. The dose-response curve shown in Fig. 7C was generated using a sigmoidal fitting function as described under "Experimental Procedures," yielding an IC 50 
DISCUSSION
In this paper we have demonstrated that the protein CLIC-1, when expressed in bacteria and purified to apparent homogeneity, is capable of conferring chloride-selective permeability to reconstituted phospholipid vesicles and gives rise to a discrete, IAA-94 inhibitable anion channel with distinctive single channel properties. These observations represent the first evidence that CLIC family proteins themselves are capable of forming anion channels in the absence of ancillary subunits or accessory proteins.
CLIC Proteins and Chloride Channels-The name CLIC (for chloride intracellular channel) has recently been proposed for the family of proteins related to the bovine microsomal chloride channel p64 (7, 23) . In addition to p64, at least six other members of the CLIC family have been described (7).
CLIC-1 (formerly NCC27) is highly homologous to the Cterminal half of p64. CLIC-1 is expressed in intracellular membranes in many cell types and in the apical domain of renal proximal tubule cells (12) . Expression of CLIC-1 in Chinese hamster ovary-1 cells has been reported to lead to an increase in the chloride permeability of the plasma membrane and in the appearance of two distinct, low conductance chloride channels (13) . CLIC-4 (or p64H1), like CLIC-1, is homologous to the Cterminal half of p64 (7, 24) . We recently demonstrated that this protein colocalizes with a marker of trans-Golgi network and of caveolae. Expression of this protein in HEK293 cells is associated with the appearance of an anion-permeable channel (24) . CLIC-4 is associated with large, dense-core vesicles in rat hippocampal neurons, where it is hypothesized to provide the shunt pathway for Cl Ϫ that is necessary for acidification to occur (25) . The large, dense-core vesicles are similar to those with which p64 associates (4) and are most likely exocytic vesicles.
CLIC-2 has been identified by a genomic sequencing approach (26) . No information regarding subcellular distribution or function has been published. CLIC-3 was identified using a yeast 2-hybrid screening approach, with the mitogen-activated protein kinase ERK7 being used as bait (14) . Novel Cl Ϫ -selective currents were observed in LTK cells transfected with CLIC-3. The chloride channel of osteoclast ruffled membrane, p62, is antigenically related to the CLIC family (27) . The cDNA sequence of this homologue has not yet been reported. Finally, parchorin, a newly described member of the family, appears to potentiate Cl Ϫ efflux when expressed in LLC-PKI cells (28) . Thus, the pre-existing data regarding CLIC family members have consistently implicated these proteins in various chloride channel activities. However, even in those cases where expression of a CLIC family protein is correlated with the appearance of a novel current, the nature of the expression systems used make it impossible to determine whether the CLIC protein alone is responsible for the observed activity. Alternative possibilities include the necessity of endogenous cofactors for assembly of active channels or the activation of an endogenous channel by CLIC proteins.
The experiments presented here address this problem directly. CLIC-1 was expressed in E. coli and purified to apparent homogeneity, so the activity observed upon reconstitution into phospholipid vesicles must be attributable to CLIC-1 alone. Chloride channel activity was assessed using two complementary assays. A population-based chloride efflux assay was used to demonstrate the presence of macroscopic chloride permeability associated with reconstituted CLIC-1, and planar lipid bilayer studies were used to characterize the single channel properties of this activity. We conclude that CLIC-1 is capable of forming anion-selective channels in the absence of other subunits or proteins.
CLIC-1-mediated Chloride Efflux-Using a vesicle efflux assay, we demonstrated reproducible chloride efflux activity that was easily detectable above the background anion leak of reconstituted vesicles. Three aspects of the data strongly support the conclusion that this activity is due to CLIC-1. First, in each case, the control was prepared identically from the same bacterial strain expressing the parent pGEX-KG expression vector. Therefore, the efflux rates we attribute to CLIC-1 are not due to some low level contaminant recovered from the bacteria (which would also be present in control). Second, the chloride channel inhibitor IAA-94, which is known to interact with one CLIC family member (p64), inhibits efflux activity at reasonable concentrations. Our observed IC 50 of 8.6 M is very close to the K i of 9 M reported for IAA inhibition of an epithelial outwardly rectifying chloride channel in the HT 29 colon carci- noma cell line (29) and about an order of magnitude higher than the K i (1 M) observed for inhibition of chloride permeability of kidney microsomal membranes (22) . Third, the efflux activity we attribute to CLIC-1 is dose-dependent and therefore cannot be due to a nonspecific leakiness of our reconstituted vesicles.
Single Channel Properties of CLIC-1-In nine independent preparations of CLIC-1, a Cl Ϫ selective channel with a rectifying current-voltage relationship and an apparent single channel conductance of 161 pS in symmetric 300 mM KCl was observed following 12 separate membrane fusion events with CLIC-1-containing vesicles. Of note, we found this activity present in both inwardly and outwardly rectifying orientations, suggesting that the polarity of reconstitution was not fixed. In symmetric 150 mM KCl, we found the CLIC-1 conductance to be 67.5 pS (n ϭ 4). Using asymmetric salt conditions, the Cl Ϫ to K ϩ permeability ratio of this channel was shown to be 4.2:1 in 300 -50 mM KCl and 5.8:1 in 150 -50 mM KCl. In 300 mM K ϩ (anion) cis and KCl trans, the anion selectivity series is Br Ϫ Ϸ Cl Ϫ Ͼ I Ϫ . IAA-94 was found to inhibit CLIC-1 chloride channels reconstituted into planar bilayers. At a ϩ50-mV holding potential, IAA-94 was found to decrease the open probability of CLIC-1 with an IC 50 of 86 M. This value is an order of magnitude greater than the IC 50 of 8.6 M determined from efflux experiments. The reason for this discrepancy is unknown but may be due to differences in membrane potential or ionic strength. The two assay systems used to characterize CLIC-1 measure different properties of the channel (conductance versus rate of Cl Ϫ efflux) and are carried out under different conditions. KClloaded vesicles reconstituted with CLIC-1 would have a very large membrane potential when diluted into sucrose in the presence of valinomycin, which would drive IAA-94 into the channel more efficiently than a ϩ50-mV holding potential if IAA inhibition is voltage-dependent. The inhibition should also be relieved upon a reversal of membrane polarity. Consistent with this hypothesis, channels studied in bilayers and inhibited by IAA-94 were consistently found to re-open when membrane polarity was reversed (data not shown).
Finally, the CLIC-1 channel is voltage-dependent. In most experiments, the channel rarely closed at voltages between Ϯ50 mV. Channel closures occurred more frequently as membranes were hyperpolarized or depolarized to a greater extent. Voltages between ϩ100 and ϩ150 mV caused the current to decrease with time in a dose-dependent manner, and the steady state current dropped to 0 at ϩ150 mV. Similar observations were made at voltages between Ϫ100 and Ϫ150 mV. The mechanism whereby voltage closes CLIC-1 is unknown at this time.
The chloride channel characterized in this paper was consistently observed in our CLIC-1 preparations and was never observed in control preparations. The occasional contaminants we did observe were present in control preparations and occurred with the same frequency.
With the exception of single channel conductance, the electrical properties we determined for purified CLIC-1 in planar lipid bilayers were consistent with those reported by Valenzuela et al. (13) , who found that heterologous expression of CLIC-1 in Chinese hamster ovary cells leads to the appearance of an outwardly rectifying, whole cell Cl Ϫ conductance that is more selective for Cl Ϫ than I Ϫ at the single channel level. These investigators report single channel conductances in physiologic buffers of 22 Ϯ 5 and 33 Ϯ 4 pS for CLIC-1 expressed either on the plasma or nuclear membrane, respectively. We found that CLIC-1 has a conductance of 67.5 Ϯ 6.7 pS in symmetric, 150 mM KCl when measured using the planar lipid bilayer technique.
There are several plausible explanations for the discrepancy observed in CLIC-1 single channel conductance. First, in native membranes CLIC-1 may associate with other subunits or proteins that were absent from our experiments, and these interactions could alter CLIC-1 activity. Second, it is possible that heterologous expression of CLIC-1 in mammalian cells initiates a cascade of events resulting in activation of other channels, which would have been detected by Valenzuela et al. (13) as elevated whole cell conductance. Finally, the short amino acid sequence present at the N terminus of the CLIC-1 construct we used in these experiments could alter the electrical properties of the native protein. We are currently investigating this possibility.
The voltage inactivation phenomena we observed was not reported by Valenzuela et al. (13) , so it is not known whether CLIC-1 responds similarly to strong hyperpolarizing or depolarizing voltages in vivo. However, similar patterns of voltage inactivation have been reported for other channels, such as the batrachotoxin-inhibited, voltage-dependent Na ϩ channel isolated from rat brain (30) . Using a planar lipid bilayer approach, French et al. (30) found that this channel had a P o close to 1.0 at Ϫ60 mV and that hyperpolarization to Ϫ110 mV caused the P o to drop significantly below 1.0. The voltage-dependent anion channel also behaves in this fashion in planar lipid bilayers. Colombini (31) reports that voltage-dependent anion channel P o increased from approximately 0.4 at Ϫ80 mV to 1.0 when membranes were depolarized to 0 mV, then fell progressively back to approximately 0.4 again upon further polarization to ϩ80 mV (31) .
At least one other rectifying chloride channel has been reported to exhibit inactivation at strong hyperpolarizing and depolarizing voltages. Welsh et al. (32) report that an outwardly rectifying chloride channel (ORCC) present in human airway epithelia is inactivated at Ϫ120-mV holding potentials and re-activated at positive holding potentials. In another report, these investigators demonstrated that the ORCC also inactivates with time at ϩ120-mV holding potentials following pre-pulses at Ϫ80 mV holding potentials (33) . Both whole cell conductance and average single channel current decreased with time at ϩ120-mV holding potentials.
Protein kinase A-dependent activation of CFTR leads to activation of the ORCC observed by Welsh et al. (32) in normal airway epithelial cells. Several investigators report a slope conductance for this channel of approximately 40 pS in physiologic buffers (34) , which is similar to the conductances reported for CLIC-1 channels by Valenzuela et al. (13) following expression in Chinese hamster ovary-1 cells (see above). Thus, based on voltage inactivation, conductance, and current-voltage characteristics, it is tempting to speculate that CLIC-1 is the ORCC activated by CFTR in epithelial cells. However, the ion selectivities of these two channels differ significantly (Br Ϫ Ϸ Cl Ϫ Ͼ I Ϫ versus I Ϫ Ͼ Br Ϫ Ͼ Cl Ϫ , respectively), so it seems unlikely that CLIC-1 itself is the CFTR-associated ORCC. Perhaps another member of the CLIC family of proteins is responsible for the CFTR-associated ORCC.
